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ABSTRACT
JENNA SUE KOLLING: A Multisensor Evaluation of the Asymmetric
Convective Model, Version 2 in Eastern Texas.
(Under the direction of William Vizuete.)
Although there have been a variety of planetary boundary layer (PBL) schemes
developed to represent the effects of turbulence in daytime convective conditions, un-
certainties correlated with these schemes remain a large source of inaccuracy in me-
teorology and air quality model simulations. This study evaluates a new combined
local and nonlocal closure PBL scheme, the Asymmetric Convective Model, version 2
(ACM2) in eastern Texas against PBL observations taken from ten radar wind profilers,
a ground-based lidar, and multiple daytime radiosonde balloon launches. Comparisons
are made between these observations and outputs from the Weather Research and
Forecasting (WRF) model version 3.1 with the ACM2 PBL scheme option, as well as
outputs from the meteorological modeling that is currently being used to develop ozone
control strategies in the HGB area. Results show that the WRF-ACM2 combination is
much more accurate at representing the spatial and temporal evolution of the PBL in
Eastern Texas.
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Chapter 1
Introduction
Among the most important meteorological parameters that influence air quality is
the volume of well-mixed air below the free troposphere called the planetary boundary
layer (PBL). The PBL interacts directly with the Earth’s surface on a time scale of
hours, and with a height that is variable in space and time, ranging between hundreds of
meters to several kilometers. During the daytime, solar heating of the Earth’s surface
can generate buoyant turbulent eddies that efficiently mix the air within the PBL.
Consequently, particulate matter and gases are diluted at the ground level while a
rapidly growing PBL entrains aged pollutants from the free troposphere above. Our
ability to accurately predict air quality is limited by a lack of knowledge of the physical
influences on PBL structure, making it particularly difficult to model the early morning
rise and afternoon decay. These physical influences include turbulence intermittency,
horizontal heterogeneity, and rapid time changes (Dabberdt et al., 2004).
An accurate depiction of the diurnal evolution and vertical mixing within the PBL
is necessary for realistic air quality simulations (Seaman, 2000; Ku et al., 2001; Zhang
et al., 2007). Largely driven by surface heating, the development of the PBL in
mesoscale meteorological models relies on realistic simulations of surface fluxes of mois-
ture and heat. Land surface models (LSMs) are used to parameterize these physical
processes, while PBL parameterization schemes (PBL schemes, hereafter) simulate the
vertical transport of heat, moisture, momentum, and trace chemical mixing ratios.
Although a variety of PBL schemes have been developed to represent the effects of
turbulence in convective conditions, uncertainties correlated with these schemes re-
main a large source of inaccuracy in model simulations. Most existing PBL schemes,
namely local and nonlocal closure models, do not consider both small- and large-scale
turbulence. In local closure PBL schemes, turbulent fluxes are computed as functions
of local gradients, confining vertical mixing to adjacent grid cells. As a result, local
closure schemes, including the Mellor-Yamada-Janjic (Janjic, 1990, 1994) cannot realis-
tically simulate convective conditions, which are characterized by large eddies that can
sometimes have a size similar to the boundary layer height itself (Brown, 1996). Sim-
ple nonlocal closure models, such as Blackadar (1978) and the Asymmetric Convective
Model, version 1, (ACM; Pleim and Chang, 1992) represent only large-scale transport
driven by convective plumes, neglecting small-scale turbulent mixing. Although the
use of non-local methods in models attempting to simulate the PBL has increased, a
method that can accurately represent the diurnal PBL must combine both local and
nonlocal components of vertical transport.
The recently developed Asymmetric Convective Model Version 2 (ACM2) PBL
scheme (Pleim, 2007a) includes an eddy diffusion component in addition to the explicit
nonlocal transport of the original ACM. Preliminary testing with controlled, oﬄine
experiments showed that ACM2 was able to simulate realistic PBL heights, tempera-
ture profiles, and surface heat fluxes. Spatially and temporally limited observational
datasets allowed for a preliminary evaluation of ACM2 in the fifth-generation Penn-
sylvania State University-National Center for Atmospheric Research Mesoscale Model
(MM5) (Pleim, 2007b). When compared to two radar wind profilers (RWP) located in
Pittsburgh, PA, and Concord, NH, the model tended to simulate the morning rise in
the PBL too quickly. The author postulated that this rapid rise was caused by an early
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morning warm bias in MM5 rather than a limitation of ACM2. Comparisons were also
made against vertical profile measurements taken from radiosondes launched twice a
day in Minneapolis, MN and Little Rock, AS. Data from these profiles showed very
close comparisons between observed and modeled potential temperature and relative
humidity (Pleim, 2007b). Although initial testing of the ACM2 scheme showed good
agreement with this limited dataset of observations, a more spatially and temporally
diverse set of observations is necessary to further evaluate ACM2 for use in regulatory
air quality models.
Southeast Texas, especially the Houston Galveston Brazoria (HGB) eight-hour
ozone (O3) nonattainment area, offers a unique dataset to address some of the open
questions remaining in the preliminary analysis. Since the HGB area is in nonattain-
ment of the National Ambient Air Quality Standard (NAAQS) for O3, considerable re-
sources have been spent on surface and aloft measurements. A variety of instrumented
observations were taken during The Second Texas Air Quality Campaign (TexAQS II)
(Parrish et al., 2009), which lasted from January 2005 to December 2006, and had
an intensive period of operations between August and October 2006, including the
TexAQS II Radical Measurement Project (TRAMP) (Lefer and Rappenglu¨ck, 2010).
These measurements from both the TexAQS II and TRAMP field studies allow for an
extensive view of the horizontally and vertically heterogeneous PBL in Eastern Texas
and downtown Houston, and provide a rare opportunity to evaluate the new ACM2
PBL scheme.
The HGB area, which is subject to frequent high O3 episodes due to the interactions
between complex coastal meteorology, emissions of ozone precursors, and atmospheric
chemistry, is a severe test for a meteorological model. Land and sea breeze circulations
and how they interact with larger-scale synoptic systems, such as the typical summer-
time high pressure over the Gulf of Mexico, have been found to play a crucial role in
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the formation of O3 in Houston (Banta et al., 2005; Darby, 2005; Vizuete et al., 2008).
Consequently, Houston’s complex meteorology presents a unique challenge for modeling
the spatially and temporally diverse PBL height, a critical component for understand-
ing the formation of ozone and other pollutants (Pe´rez et al., 2006). As a result of this
complexity, considerable resources have been spent on the development of meteorologi-
cal and air quality modeling episodes in support of a State Implementation Plan (SIP)
for attaining the NAAQS for O3. The retrospective modeling used for the current SIP,
prepared by the Texas Commission on Environmental Quality (TCEQ, 2010), includes
the August-October 2006 TexAQS II period. The availability of this TCEQ meteoro-
logical modeling presents a ready comparison for our evaluation of ACM2 against an
existing regulatory modeling episode.
The objective of this study is to evaluate the ACM2 PBL scheme for use in reg-
ulatory air quality models by leveraging the advanced observational data available in
the HGB area. Specifically, we will be evaluating the ACM2 PBL scheme’s ability to
accurately simulate the morning growth, maximum height, and evening collapse of the
PBL while predicting realistic profiles of temperature and humidity. These results will
then be compared with those predicted by the meteorological model currently being
used to develop O3 control strategies in the HGB area.
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Chapter 2
Methodology
2.1 Model Configuration
This study compares two models used to simulate the meteorology of Eastern Texas
between August and October of 2006. One developed by the Environmental Protection
Agency for research purposes (EPA-WRF), the other developed by TCEQ for regula-
tory purposes (TCEQ-MM5). The EPA used the Weather Research and Forecasting
(WRF) model version 3.1 (Skamarock et al., 2008) with the ACM2 PBL scheme op-
tion (Pleim, 2007a,b). The TCEQ simulation uses the Fifth Generation Meteorological
Model (MM5, version 3.7.3) developed jointly by the National Center for Atmospheric
Research and Pennsylvania State University (Grell et al., 1994) with the Eta PBL
scheme option, which is the Mellor-Yamada scheme as used in the Eta model (Janjic,
1990, 1994). The Eta PBL scheme is a local closure model, determining vertical mixing
from predicted turbulent kinetic energy.
In addition to the ACM2 PBL Scheme, EPA-WRF physics options included the
Pleim-Xiu land-surface model (PX LSM; Xiu and Pleim, 2001) with the Pleim sur-
face layer scheme (Pleim, 2006), the rapid radiative transfer model for shortwave and
longwave radiation (Mlawer et al., 1997), the Kain-Fritsch 2 cumulus parameterization
scheme (Kain, 2004), and the Morrison 2-moment microphysics scheme (Morrison and
Gettelman, 2008).
The TCEQ-MM5 physics options include the NOAH land-surface model (Ek et al.,
2003), the rapid radiative transfer model, Grell cumulus parameterization, and the
simple ice microphysics. In MM5, observed parameters were assimilated during the
model run through a process called four-dimensional data assimilation (FDDA). The
fine scale 4-km domain was nudged to observational data obtained from radar wind
profilers during TexAQS II. To improve the representation of wind fields and other
parameters in MM5, the land use characteristics and sea surface temperatures on all
domains were updated with high-resolution satellite measurements. Details of the ob-
servational nudging are given in Appendix A of the TCEQ report of the Protocol for
Eight-Hour Ozone Modeling of the Houston Galveston/Brazoria Area (TCEQ, 2010).
The Meteorology-Chemistry Interface Processor (MCIP; Byun et al., 1999) version
3.5 was used to process the WRF and MM5 outputs by performing horizontal and
vertical coordinate transformations and defining gridding parameters (Otte and Pleim,
2010). The MCIP outputs for both models resulted in a 4-km gridded domain centered
over Eastern Texas. The episode period is August 13-October 10, 2006, excluding
August 23-26 and September 30 due to missing MM5 modeling data.
2.2 Observations
Observational datasets used in this study came from TexAQS II, a major field study
conducted in eastern Texas between June 2005 and October 2006, with an emphasis
on the Houston O3 non-attainment region. Meteorological parameters important to
air quality were collected via radar wind profilers (RWPs, Knoderer and MacDonald,
2007), radiosondes (Rappenglu¨ck et al., 2008), and a ground-based lidar (Flynn, 2006).
The RWPs were in operation throughout the entire episode period, while the lidar
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was in operation during the entire month of September and multiple radiosondes were
launched per day only during high ozone events in September 2006.
2.2.1 Radar Wind Profilers
A vital component of the TexAQS II field study was a network of ten 915-MHz RWPs.
As shown in Figure 2.1, the RWPs were scattered throughout Eastern Texas, placed at
varying elevations and distances from the coast. After undergoing a rigorous quality
control procedure using the Webber-Wuertz algorithm and manual inspection, reflec-
tivity (signal-to-noise ratio) data from the RWPs were used to estimate hourly heights
of the daytime convective boundary layer, with occasional missing reports (Knoderer
and MacDonald, 2007). The off-shore Brazos site was not used for this study due to a
significant amount of missing data.
Figure 2.1: Radar wind profiler locations (blue squares) and major cities (red circles)
in Eastern Texas during the TexAQS II field campaign. Color shading shows terrain
elevation (Wilczak et al., 2009).
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2.2.2 Radiosondes
Radiosonde balloons obtain profiles of temperature, pressure, and relative humidity
as they ascend through the atmosphere. Normally they are launched twice a day, but for
ten days with high O3 forecasts during September of 2006, five additional balloons were
launched from the University of Houston (UH) Moody Tower (Figure 2.2) in downtown
Houston, TX. In addition to the radiosonde outputs, vertical profiles were inspected
and PBL heights were provided for each balloon launch (Rappenglu¨ck et al., 2008).
Figure 2.2: Location of the UH-Moody Tower measurement site (Lefer and Rap-
penglu¨ck, 2010).
2.2.3 Lidar
A ground-based scanning micropulse lidar was deployed on the roof of the UH-Moody
Tower (Figure 2.2) during September of 2006 for vertical profiling of the atmosphere.
The PBL typically has higher concentrations of aerosols compared to the free tropo-
sphere, which means lidar backscatter profiles exhibit a significant negative gradient
at the PBL top. Lidar backscatter profiles were visually analyzed to determine PBL
depth, except when the lidar was strongly attenuated by low clouds or precipitation
(Flynn, 2006).
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Chapter 3
Results
For this study, observational data was derived from radar wind profilers, a ground-
based lidar, and radiosonde balloon launches. This observational data was used to
evaluate meteorological parameters of importance to air quality for direct comparison
to outputs from two meteorological models. These include direct comparisons of the
WRF model version 3.1 with the ACM2 PBL scheme option, and MM5 version 3.7.3
with the Eta PBL scheme option, which is the meteorological modeling used for the
HGB eight-hour O3 standard SIP.
Figure 3.1(a-c) shows the root mean square error (RMSE) between the hourly day-
time MM5 and WRF predicted PBL heights and the hourly daytime RWP derived
PBL heights for all RWP site locations. Equation 3.1 shows an example of the RMSE
calculation for the WRF model at time t.
RMSEWRF =
√
Et((PBLWRF,t − PBLRWP,t)2) (3.1)
where Et represents the error at time t, PBLWRF,t represents the WRF calculated PBL
height at time t, and PBLRWP,t represents the RWP derived PBL height at time t.
RWP locations in Figure 3.1(a-c) are ordered along the x-axis according to location,
with the leftmost sites being the furthest inland and the rightmost sites being nearest
to the coast. Figure 3.1a shows the average RMSE of each model between the hours of
8am-11am, representing the models’ error in predicting the morning rise of the PBL.
MM5 had a larger average RMSE than WRF at all 10 stations, ranging from 20m larger
at Longview to 130m larger at Beaumont. Although WRF predicted more realistic PBL
heights on average than MM5 during the morning hours, there is a notable increase of
about 100m in the WRF RMSE at locations nearer to the coast. Figure 3.1b shows
the average RMSE of both models at predicting the daily peak PBL (note the y-scale
increase). MM5 had a much larger error than WRF at all 10 stations, ranging from
90m larger at Arcola to 410m at Cleburne, where MM5 had more than double the
average RMSE of WRF (735m vs. 325m, respectively). Figure 3.1c shows the RMSE
between the hours of 4pm-7pm, representing the models’ error in predicting the evening
collapse of the PBL. Again, MM5 had a much larger error than WRF, ranging from
130m higher at Beeville to 800m higher at Cleburne.
To further investigate the meteorological models’ ability to accurately predict the
morning rise, afternoon peak, and evening collapse of the PBL, we looked at the ob-
served temporal evolution of the PBL from the RWPs. The ten RWP stations were
divided into three categories according to their location, displayed in Table 3.1.
Table 3.1: Ten RWP stations divided into three categories based on geographic location.
Coastal Plains Inland Central Texas
Arcola Beeville Cleburne
Beaumont Brenham Moody
La Porte Huntsville New Braunfels
Longview
Figure 3.2(a-c) displays the modeled and observed median PBL for these three
regions. The Central Texas location (Figure 3.2a), with drier land use and precipitation
patterns, shows the deepest PBL height, with an observed median peak PBL height
10
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Figure 3.1: Root mean square error for each RWP station location (Ordered furthest
inland on the left to nearest to the coast on the right) for the (a) morning rise PBL
height (8am-11am), (b) afternoon peak PBL height, and (c) evening collapse PBL
height (4pm-7pm).
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of over 2000m, which is consistent with the findings of Wilczak et al. (2009) and Hu
et al. (2010). Figure 3.2a shows that the MM5 model is severely under-predicting the
median height of the PBL in the late morning and afternoon for the Central Texas
region by as much as 870m at 1600 CST. The WRF model is more accurate for this
time period, with the largest over-prediction of 155m occurring at 1100 CST. Both
the WRF and MM5 models predicted an earlier PBL collapse at the Central Texas
locations when compared to observations, with MM5 under-predicting by as much as
1350m at 1800 CST, while WRF under-predicted by 275m at the same time. A similar
pattern was found at the Inland and Coastal Plains locations (Figures 3.2-b,c), with
WRF slightly over-predicting the height of the afternoon median PBL by 260m at 1600
CST in Figure 3.2b, and 240m at 1300 and 1500 CST in Figure 3.2c. MM5 under-
predicted the afternoon median PBL height by as much as 700m at 1400 CST at the
Inland locations (Figure 3.2b) and 540m at the Coastal Plains locations (Figure 3.2c).
At the Inland locations, MM5 collapsed the PBL too early, severely under-predicting
the PBL by 865m at 1800 CST (Figure 3.2b), while WRF closely followed the observed
PBL collapse with an under-prediction of only 110m at 1800 CST. Similarly, at the
Coastal Plains locations, MM5 collapsed the PBL too early, with the largest under-
prediction of 760m at 1700 CST (Figure 3.2a), while the largest under-prediction from
WRF was 230m at 1700CST.
In a full 3D meteorological model, simulations are affected by many components
of model dynamics and physics, such as radiation, cloud cover, land-surface modeling,
and large-scale subsidence, thus confounding the evaluation of the PBL scheme (Pleim,
2007a). Surface fluxes of heat and humidity are primarily products of the land-surface
model (LSM), and thus surface level temperature and humidity, as well as PBL heights,
are influenced much by the LSMs as by the PBL models (Pleim, 2007b). Figure 3.3(a-
c) shows the median 2-meter temperature (K) and 2-meter water vapor mixing ratio
12
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Figure 3.2: Time series of the median hourly PBL height (m) over the entire episode
for RWP locations in (a) central Texas, (b) inland, and (c) the coastal plains.
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(MR; g/kg) over the entire episode period. Model variables for Figures 3.3 and 3.4
were extracted from the model grid cells corresponding to all ten RWP locations, and
then grouped according to regions shown in Table 3.1. Both models have very similar
temperature trends during the morning hours for all three regions, but WRF peaks at
a 1 K warmer temperature during the afternoon hours for all three regions. WRF is
also 2 K warmer during the evening hours, when the PBL is collapsing, at the Central
Texas (Figure 3.3a) and Inland (Figure 3.3b) locations. The MM5 model predicted
more moisture than WRF for all three regions, with the Coastal Plains having the
largest difference in MR of around 2.5 g/kg during the late afternoon hours (Figure
3.3c).
Higher surface temperatures and lower moisture produced by WRF-AMC2 could
be a result of surface heat fluxes delivered by the PX LSM and the Pleim surface layer
scheme, thus sensible and latent heat fluxes were checked for both WRF-ACM2 and
MM5-Eta in Figure 3.4(a-c) for all regions. Lower sensible heat (SH) fluxes and higher
latent heat (LH) fluxes would result in lower temperatures at the surface due to the
evaporation of moisture, which confines the transfer of heat from the surface to the air.
This does not explain the higher temperatures and lower moisture in WRF (from Figure
3.3a) in the Central Texas region (Figure 3.4a), where WRF is shown to have a lower
SH flux during the morning and afternoon hours and a higher LH flux throughout the
day when compared to the fluxes provided by the NOAH LSM in MM5. Alternatively,
SH fluxes in MM5 were lower than WRF during the afternoon and evening hours for
the Inland region (Figure 3.4b), and LH fluxes for MM5 were higher than WRF during
the afternoon, which could partly explain the lower temperatures and higher moisture
in MM5 in Figure 3.3b, although this is unlikely due to the inconsistency of the trend
throughout all three regions. Figure 3.4c shows that WRF predicted lower SH fluxes
than MM5 during the late morning and early afternoon hours in the Coastal Plains
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Figure 3.3: Time series of median 2-meter temperature (left) and 2-meter water vapor
mixing ratio (right) over the entire episode period for (a) central Texas, (b) Inland, and
(c) coastal plains.
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Figure 3.4: Time series of median sensible heat flux (left) and latent heat flux (right)
over the entire episode period for (a) central Texas, (b) Inland, and (c) coastal plains.
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region, while predicting larger LH fluxes than those predicted by MM5 throughout
the day. Again, this trend did not translate into lower surface temperature and higher
surface moisture (Figure 3.3c) in WRF as would be expected, further validating that the
differences in performance between the models arise directly within the PBL schemes
themselves instead of surface layer schemes and surface heat fluxes.
As part of the TexAQS II field campaign, several radiosonde balloons were launched
from Moody Tower on the University of Houston main campus, located just west of
the Houston Ship Channel (Figure 2.2). Balloons were launched on days with high
O3 forecasts to capture the detailed evolution of the PBL growth (Rappenglu¨ck et al.,
2008). Simultaneously, a ground-based lidar was capturing vertical profiles of aerosol
backscatter above Moody Tower approximately every twenty minutes. Although PBL
detection algorithms were applied to the Lidar backscatter data, they were found to be
inadequate for the complex atmospheric conditions in Houston due to urban and coastal
interactions (Flynn, 2006). Consequently, the lidar profiles were visually inspected to
determine PBL heights and have not been fully validated. Although the lidar-derived
PBL heights are preliminary, they still serve as a useful comparison to the radiosonde
data, which have historically compared well under meteorological conditions favorable
for high O3 events (Nielsen-Gammon et al., 2008b).
Meteorological conditions in the HGB area on September 7, 2006 were favorable
for O3 production due to light winds (5 knots or less), mostly clear skies (except for
afternoon boundary-layer cumulus), and high background O3 concentrations (Nielsen-
Gammon et al., 2008a). This particular day was chosen for our study because it is under
such low-wind, mostly clear-sky conditions that the PBL scheme would be expected to
have the greatest influence on modeled vertical profiles. Figure 3.5 shows a time series
of the vertical lidar backscatter profiles on September 7, 2006, with visually estimated
PBL heights indicated by the open circles.
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Figure 3.5: Lidar backscatter image from Moody Tower, TX on September 7, 2006.
Warm colors indicate higher concentrations of aerosols and open circles indicate visually
estimated PBL heights. (Flynn, 2006)
Figure 3.5 is an example of the extreme variability of the PBL depth in the downtown
Houston area, with dark blue patches throughout the afternoon and evening indicating
the presence of low clouds that suppress PBL growth. Figure 3.6 displays a time series
of the visually analyzed lidar PBL heights on September 7, 2006 along with radiosonde-
derived and modeled PBL heights. As expected, the lidar-derived PBL heights compare
well to those derived from the radiosonde. PBL heights output by the WRF model
show a very steep PBL increase of about 1400m between 1000 and 1200 CST, while
the lidar-derived PBL heights show a similar increase of 1400m between 1000 and
1300 CST. WRF predicted a 2700m deep afternoon peak PBL, compared to the lidar-
derived peak of 2200m and radiosonde-derived peak of 2100m, while MM5 predicted a
much more shallow afternoon PBL peak of 1660m. The WRF PBL collapsed 2300m
rapidly between 1700 and 1900 CST, while the MM5 model predicts a very gradual
18
PBL decrease of 1300m between 1500 and 1800 CST. The lidar data was removed
between 1600 and 1800 CST due to low clouds in the area, though the lidar-derived
PBL heights show a later collapse than both models’ predicted of 1900m between 1830
and 2030 CST.
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Figure 3.6: Time series of modeled and observed PBL heights on September 7, 2006
at Moody Tower, TX. Open circles indicate visually estimated PBL heights from the
lidar backscatter image (Figure 3.5), and green diamonds indicate visually estimated
PBL heights from radiosonde profiles (Figure 3.7).
Frequent vertical profiles of potential temperature and humidity through the lowest
few kilometers of the atmosphere are the most direct way to test a PBL model. Several
radiosonde balloons were launched from Moody Tower, TX on September 7, 2006, five
of which were during daytime hours and provide a rare opportunity to evaluate the
vertical profiles predicted by WRF-ACM2 and MM5-Eta at multiple times throughout
the day. Potential temperature and mixing ratio are both conserved within the PBL,
thus finding the point at which a sharp increase in potential temperature and a sharp
decrease in mixing ratio (Nielsen-Gammon et al., 2008b) occur signifies the top of
19
the PBL. Figure 3.7(a-e) displays modeled and observed vertical profiles of potential
temperature (left) and mixing ratio (right) at 0900, 1200, 1500, 1800, and 2100 CST.
The horizontal green line on each profile represents the height of the PBL as diagnosed
from the observed profiles (black dots).
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Figure 3.7: Vertical profiles of potential temperature (left) and mixing ratio (right)
as recorded from radiosonde balloons launched at Moody Tower, TX on September 7,
2006 at (a) 0900, (b) 1200, (c) 1500, (d) 1800, and (e) 2100 CST.
At 0900 CST (Figure 3.7a), vertical profiles predicted by WRF-ACM2 and MM5-
Eta shows realistic PBL heights, although both meteorological models under-predicted
moisture at the surface. At 1200 CST (Figure 3.7b), MM5-Eta profiles closely match
observations with a 1200 m deep PBL, while the WRF-ACM2 profile indicates a PBL
height that is about 1700 meters deep, approximately 100 meters higher than the PBL
height output by WRF at 1200 CST, shown in Figure 3.6. The WRF-ACM2 profile
much more closely matched observations at 1500 CST (Figure 3.7c) with a PBL height
of about 2300 m, although the actual WRF output PBL for 1500 CST was about
300 m higher (Figure 3.6). The vertical profile for MM5-Eta at 1500 CST indicates
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a shallower PBL height of about 1500m, and WRF and MM5 under-predicted both
surface temperature and moisture. Figure 3.7d shows the vertical profiles at 1800 CST,
with the MM5-Eta model under-predicting the PBL height by about 600m, although
the actual output PBL by MM5 (Figure 3.6) was 500 m even more shallow than that
predicted by the profile, at a height of only 800 m. The WRF-ACM2 profile indicates
a PBL height of 2300 m at 1800 CST, compared to the radiosonde observed PBL of
about 1900 m, with the actual WRF output PBL being about 2500 m. The 400 m PBL
height diagnosed from the observed vertical profile at 2100 CST (Figure 3.7e) was not
predicted by either model or observed by the lidar backscatter profile (Figure 3.6), but
both modeled profiles indicate an extremely shallow, post-evening-collapse PBL.
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Chapter 4
Discussion
The recently developed ACM2 PBL scheme was evaluated for use in regulatory air
quality models in eastern Texas using a spatially and temporally diverse observational
dataset collected during the TexAQS II and TRAMP field campaigns between Au-
gust and October of 2006. Outputs from WRF V3.1 using the ACM2 PBL scheme
were compared with these observations and with outputs from MM5 V3.7.3 using the
Eta PBL scheme, the meteorological model currently being used to develop O3 control
strategies in the HGB area. Both models were given a rigorous test of their ability to
predict realistic PBL heights during daytime convective conditions across varying ter-
rains. Variables that affect PBL height as a result of each model’s land-surface model
were also investigated to determine biases that would not be the fault of each respective
model’s PBL scheme.
The spatially diverse set of RWP-derived PBL heights were used to compare both
model’s ability to predict accurate PBL heights at varying terrains and distances from
the coast. WRF-ACM2 produced more accurate PBL heights than MM5-Eta at all
ten RWP locations and at all periods of the day, with MM5-Eta having the most
trouble predicting accurate daily peak and evening collapse PBL heights at the furthest
inland sites. Time series plots revealed that MM5-Eta was drastically under-predicting
afternoon peak PBL heights and collapsing the PBL height too early at all three regions
(Central Texas, Inland, Coastal Plains), whereas the WRF-ACM2 model was slightly
over-predicting the afternoon peak at the Inland and Coastal Plains locations, but also
collapsing the PBL more rapidly than observations for all three regions.
The RWP analysis reveals a major weakness in the MM5-Eta model’s ability to
accurately simulate PBL evolution during convective conditions, a commonly reported
insufficiency of local closure PBL schemes. Alternatively, WRF-ACM2 predicted a
much more accurate PBL evolution, both temporally and spatially, in Eastern Texas.
Inspection of median surface temperature and moisture time series plots revealed higher
surface temperatures in WRF with more surface moisture in MM5, although these could
not be attributed to surface heat fluxes, and thus the differences in performance of the
WRF and MM5 models are likely due to the PBL schemes.
Vertical profiles of temperature and moisture collected from radiosonde balloons on
September 7, 2006 were used to evaluate the PBL schemes in the lowest 3 km of the at-
mosphere. WRF closely matched the rapidly rising PBL indicated by the lidar-derived
PBL heights, while MM5 predicted a more slowly rising and shallow PBL not represen-
tative of the daytime urban boundary layer. WRF’s close comparisons to radiosonde
profiles at five times during the day during mostly clear, low wind conditions further
validate ACM2’s ability to accurately represent the PBL during daytime convective
conditions.
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Chapter 5
Conclusions
An accurate depiction of the diurnal evolution and vertical mixing within the PBL is
necessary for realistic air quality simulations. For the current meteorological modeling
in support of HGB O3 attainment demonstration, TCEQ chose the Eta PBL scheme,
a local closure TKE model shown in this study to be inadequate at representing the
daytime convective boundary layer. Eastern Texas is characterized by a considerable
spatial variability of PBL height due to its coastal location and variations in land use,
and thus requires a PBL scheme that can more accurately represent this variability.
The recently developed combined local and nonlocal closure ACM2 PBL scheme was
shown here to accurately simulate the morning growth, maximum height, and evening
decay of the daytime PBL across varying regions in eastern Texas, while producing
realistic vertical profiles of temperature and moisture at Moody Tower in downtown
Houston.
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